We analyzed the mechanisms underlying the ion transport induced by tert-butyl hydroperoxide (t-BOOH), a membranepermeant oxidant that has been widely used as a model of oxidative stress, in human airway epithelial cells (Calu-3). We found that t-BOOH induced a short-circuit current that was composed of two distinct components, a peaked component (PC) and a sustained component (SC). Both components were reduced by the presence of H-89 (N-[2-(4-bromocinnamylamino)ethyl]-5-isoquinoline) [10 M, a protein kinase A (PKA) inhibitor] and clofilium (100 M, a cAMP-dependent K ϩ channel inhibitor) but not by charybdotoxin (50 nM, a human intermediate conductance Ca 2ϩ -activated K ϩ channel inhibitor), suggesting that both PC and SC were generated through a common PKA-dependent/Ca 2ϩ -independent pathway. Notwithstanding, analyses of the physiological properties revealed that PC and SC were attributable to different pathways. PC, but not SC, was correlated with apical membrane Cl Collectively, t-BOOH induces PKA-related anion secretion through two independent pathways: rapid activation of apical anion efflux through a COX-2-dependent/cytoskeleton-independent pathway and relatively delayed activation of NKCC1 for basolateral anion uptake through a COX-2-independent/cytoskeletondependent pathway.
not SC, was correlated with apical membrane Cl Ϫ conductance and was inhibited by the cyclooxygenase (COX)-2 inhibitor NS-398 (N-[2-(cyclohexyloxyl)-4-nitrophenyl]-methane sulfonamide; 10 M). In contrast, SC, but not PC, was composed of a component sensitive to bumetanide (50 M), an inhibitor of the basolateral Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC1), and was abolished by the cytoskeleton dysfunction induced by cytochalasin D (10 M) and (R)-(ϩ)-trans-N-(4-pyridyl)-4-(1-aminoethyl)-cyclohexane carboxamide (Y-27632; 20 M) . Collectively, t-BOOH induces PKA-related anion secretion through two independent pathways: rapid activation of apical anion efflux through a COX-2-dependent/cytoskeleton-independent pathway and relatively delayed activation of NKCC1 for basolateral anion uptake through a COX-2-independent/cytoskeletondependent pathway.
Reactive oxygen species (ROS), such as superoxide, hydrogen peroxide (H 2 O 2 ), and hydroxyanion, are ubiquitous O 2 derivatives found in many biological processes. ROS are, in one aspect, recognized as hazardous substances, damaging tissue via direct oxidation of protein, DNA, or lipids (Okayama, 2005) . However, ROS are, in another aspect, responsible for regulation of biological signaling. ROS are associated with physiologic and morphologic alterations of cells directly via modification of reactive sites in enzymes and proteins or indirectly through activation of signal transduction (Andrade et al., 2001 ). Many lines of evidence have implicated ROS in the pathophysiology of a number of respiratory diseases, including bronchial asthma (Dworski, 2000) , cystic fibrosis (van der Vliet et al., 1997) , and chronic obstructive pulmonary disease (Repine et al., 1997) . These airway obstructive diseases share aspects of mucus-congestive diseases (Kellerman, 2002) and ROS-related diseases, where dysfunction of mucociliary clearance due to excessive and tenacious mucus is involved in the morbidity and mortality (Rogers, 2005) . In the maintenance of airway conductivity with effective mucociliary clearance, ion transport across the airway epithelium plays an important role, forming mucus with appropriate viscosity (Devor et al., 1999) . Several investigations have found that oxidant stimuli applied by H 2 O 2 and tert-butyl hydroperoxide (t-BOOH) caused anion secretion, possibly as a host defense system against oxidative stress in human (Cowley and Linsdell, 2002a) and rat (Jung et al., 1998) airway epithelial cells. However, considering that anion secretion across the epithelium is the end result of coordinated activities of ion transporters expressed on the apical and basolateral membrane, it is still unclear how oxidative stimuli affect functions of ion transporters expressed on either side of the membrane. Therefore, the objective of this study is to elucidate this point, using monolayers of the human airway epithelial Calu-3 cell line, which has been accepted as a model of human airway serous cells (Shen et al., 1994) . The cells express high levels of the cystic fibrosis transmembrane conductance regulator (CFTR), an HCO 3 Ϫ / Cl Ϫ -conductive channel, on the apical membrane and several HCO 3 Ϫ /Cl Ϫ uptake transporters on the basolateral membrane (Shen et al., 1994; Loffing et al., 2000; Liedtke et al., 2002) . In the present study, we observed the behaviors of the cells in response to t-BOOH that has been widely used as a model of oxidative stress (Garcia-Cohen et al., 2000; Griendling et al., 2000) and found that the oxidative stimuli up-regulated the apical and basolateral ion transporters through different mechanisms, respectively.
Materials and Methods
Cell Culture. Calu-3 human airway cells (American Type Culture Collection, Manassas, VA) at passages 23 to 30 were grown in a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (Invitrogen), 50 g/ml streptomycin, and 50 U/ml penicillin (Invitrogen). The cells were maintained in tissue-culture flasks (T 75 ) at 37°C in a humidified 95% air/5% CO 2 incubator. After reaching 80 to 90% confluence, the cells were detached using 0.04% EDTA and 0.25% trypsin in phosphate-buffered saline. The collected cells were passaged with a 1:4 dilution of the same solution and seeded onto porous polyester membranes (0.4-m pore size, Snapwell or Transwell inserts, 1 cm 2 ; Corning Life Sciences, Acton, MA) at a density of 10 6 cells/well. The inserts had been coated overnight with 0.2% human placental collagen type VI (Sigma-Aldrich, St. Louis, MO). The day after seeding the cells on the filters, the medium remaining on the apical side was removed to establish an air interface, which markedly improves the differentiation of human airway epithelia in a well polarized fashion (Shen et al., 1994) . The cells were fed by replacement of the basolateral medium every 48 h. We carried out our experiments after 7 to 13 days in culture. Solutions. The solution used in most of our experiments was a physiological saline solution that was composed of the following: 115 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, 10 mM HEPES, and 25 mM NaHCO 3 . To make the Cl Ϫ -free solution, the Cl Ϫ in the physiological saline solution was replaced by gluconate. During the experiments, these two solutions were gassed with a mixture of 5% CO 2 and 95% O 2 to keep the pH at 7.4. The HCO 3 Ϫ -free solution consisted of the following: 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES (pH adjusted to 7.4 at 37°C). Replacement of Cl Ϫ with gluconate in this solution produced the HCO 3 Ϫ /Cl Ϫ -free solution. The last two solutions were bubbled with air. In the solutions where anions were replaced with gluconate, Ca 2ϩ was increased to 4 mM to compensate for the Ca 2ϩ -chelating capacity of the gluconate (Devor et al., 1999) . Bioelectrical Studies. Snapwell inserts on which Calu-3 cells had grown confluent were rinsed with the solutions described above and transferred to modified Ussing chambers (EasyMount Chamber; Physiologic Instruments, San Diego, CA) containing the solutions. The monolayer was continuously measured under a short-circuited condition using a high-impedance millivoltmeter that could function as a voltage clamp with automatic fluid resistance compensation (VCC MC2; Physiologic Instruments). Transepithelial resistance (R t ) was determined by measurement of changes in the short-circuit current (⌬I SC ) in response to imposed voltage pulses (⌬V ϭ 2 mV) of 0.5-s duration, using the equation of Ohm's law (R t ϭ ⌬V/⌬I SC ). The I SC value represents the net charge movement across the monolayer. I SC values reached states of equilibrium by at least 20 min after the inserts were set on the chambers. The cells were exposed to t-BOOH and H 2 O 2 from the apical membrane.
Permeabilized Monolayers. To investigate apical membrane Cl Ϫ conductance (G Cl ), the basolateral membrane was permeabilized by pre-exposure of the cells to the pore-forming antibiotic nystatin (100 M) for 30 min. This concentration of nystatin was determined as the concentration at which bumetanide, an inhibitor of the basolateral Na ϩ -K ϩ -2Cl Ϫ cotransporter, has no effect on the ion current (Devor et al., 1999; Son et al., 2004) . This procedure avoids the complexities associated with basolateral ion transporters and permits analysis of G Cl (Son et al., 2004) . G Cl was estimated as the apical membrane Cl Ϫ current (I Cl ) in the gradient of apical/basolateral Cl Ϫ concentration under short-circuit conditions. The Cl Ϫ concentration gradient was established by replacing NaCl with equimolar Na-gluconate in the basolateral physiological saline solution. Changes in I Cl reflect those of the CFTR-mediated Cl Ϫ current because Cl Ϫ conductance on the apical membrane is exclusively mediated by CFTR in Calu-3 cells, without any contribution of the Ca 2ϩ -activated Cl Ϫ channel (Haws et al., 1994; Shen et al., 1994) . In this basolateral solution, CaCl 2 was increased to 4 mM to compensate for the Ca 2ϩ -chelating capacity of the gluconate (Devor et al., 1999) . Phosphorylation of Myosin-Binding Subunit. Phosphorylation of the myosin-binding subunit was evaluated with specific antibodies for myosin phosphatase target subunit 1 (MYPT1). The Calu-3 cells were grown to confluence and then placed in serum-free medium for 24 h in the incubator. Before addition of t-BOOH, the cells were pretreated with Y-27632 (20 M, for 20 min) or its vehicle from the bilateral sides. After exposure to t-BOOH (1 mM) from the apical side for 10 min, the Calu-3 cells were washed with ice-cold phosphate-buffered solution. Whole-cell lysates were prepared by treating the cells with a lysis buffer (50 mM Tris-HCl, pH 6.8, 10% glycerol, 2% sodium dodecyl sulfate, and 5% 2-mercaptoethanol).
Western Blot Analysis. Protein concentrations of cell lysates were measured by using a Bio-Rad protein assay reagent kit (BioRad, Hercules, CA). Equal amounts of lysates, adjusted by protein concentration, were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis using a 5 to 20% linear gradient running gel (Wako Pure Chemicals, Tokyo, Japan). Proteins were transferred to a nitrocellulose membrane, and the membrane was incubated at room temperature in phosphate-buffered solution for 1 h. Immunoblotting was performed using antibodies against MYPT1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and phospho-MYPT1 (Thr850) (Millipore Corporation, Billerica, MA). Immunodetection was accomplished using a donkey anti-rabbit secondary antibody and an Enhanced Chemiluminescence kit (GE Healthcare, Chalfont St. Giles, UK). The intensity was quantified by using Scion image software (Scion Corporation, Frederick, MD).
cAMP Assay. Confluent Calu-3 cells on the permeable supports were exposed to t-BOOH (1 mM) from the apical side. After 10 min, cells were lysed, and intracellular cAMP concentrations ([cAMP] i ) were measured by an enzyme immunoassay kit (GE Healthcare).
[cAMP] i in the samples was determined according to the manufacturer's instructions. The concentrations were expressed as femtomoles per well.
Chemicals. Nystatin, cytochalasin D clofilium and diphenylamine-2-carboxylic acid (DPC) were obtained from Sigma-Aldrich. NS-398 and SC-560 were purchased from Cayman Chemical (Ann Arbor, MI). Bumetanide and H-89 were purchased from BIOMOL Research Laboratories (Plymouth Meeting, PA). H 2 O 2 , t-BOOH, and Y-27632 were products of Wako Pure Chemicals (Osaka, Japan), and charybdotoxin was from Peptide Institute Inc. (Osaka, Japan). Stock solutions of Y-27632 and charybdotoxin were prepared by dissolving them in distilled water. All other drugs were dissolved in dimethyl sulfoxide. Nys-454 tatin stock solution (100 mM) was made and sonicated for 30 s just before use.
Analysis of Results. Numerical data are presented as means Ϯ S.D., where n refers to the number of experiments. Statistical differences were determined by Student's t test. A value of p Ͻ 0.05 was considered statistically significant.
Results

Effects of t-BOOH on I SC across Calu-3 Monolayer.
The basal I SC and R t in our experiments using Calu-3 cells were 13.3 Ϯ 5.8 A/cm 2 and 388.8 Ϯ 139.2 ⍀/cm 2 , respectively (n ϭ 144). Application of t-BOOH (1 mM; Fig. 1A ) to the apical aspect induced a biphasic I SC , which is composed of a peaked component (PC) that rapidly occurs and a sustained component (SC) that follows PC. Although both components were also observed in the response to H 2 O 2 (1 mM; Fig. 1B) , as was demonstrated in a previous report (Cowley and Linsdell, 2002a) , they were more clearly discriminated in the response to t-BOOH. R t changes in response to t-BOOH and H 2 O 2 in Fig. 1 , C and D. The changes in R t seem likely to represent mirror images of those of I SC . Addition of t-BOOH and H 2 O 2 immediately reduced R t , whose decreases from the baseline were 136.2 Ϯ 15.4 (n ϭ 4) and 129.3 Ϯ 24.3 ⍀/cm Fig. 1 . Bioelectrical properties of the response to t-BOOH and H 2 O 2 in polarized Calu-3 airway epithelial cells. A and B, representative recordings of I SC in response to t-BOOH (1 mM) and H 2 O 2 (1 mM), respectively, applied to the apical surface. Note that t-BOOH or H 2 O 2 induced a biphasic I SC , which is composed of a rapid increase (PC) and the following SC. C and D, representative data of R t in response to apically applied t-BOOH (1 mM) and H 2 O 2 (1 mM), respectively. PC (E) and SC (F) at various concentrations of t-BOOH were evaluated as an increase from the basal I SC to the rapid peak (⌬I SC-PEAK ) and to the I sc measured at 20 min after the oxidant addition (⌬I SC-20MIN ). Data are means Ϯ S.D. (n ϭ 4).
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at ASPET Journals on April 1, 2017 jpet.aspetjournals.org measured at 20 min after the oxidant addition (⌬I SC-20MIN ). They were 48.5 Ϯ 6.1 A/cm 2 (n ϭ 4) and 46. (Ohashi et al., 2006) . Furthermore, ⌬I SC-20MIN after the application of 10 mM H 2 O 2 was decreased to below the basal level: ⌬I SC-20MIN ϭ Ϫ7.6 Ϯ 2.0 A/cm 2 (n ϭ 4). Ion Substitution. Ion substitution studies were performed to analyze the ionic composition of the oxidant-induced anion secretion. I SC responses to t-BOOH (1 mM, apical) under the normal condition ( Fig. 2A) were compared with those after removal of HCO 3 Ϫ (Fig. 2B ), Cl Ϫ (Fig. 2C ), or both (Fig. 2D) . The removal of HCO 3 Ϫ did not significantly diminish PC, estimated as ⌬I SC-PEAK , of the t-BOOH-induced I SC (Fig. 2, A, B , and E), although the drop after the peak was deeper in the HCO 3 Ϫ -removed solution (27.0 Ϯ 5.7 A/cm 2 , n ϭ 4; Fig. 2B ) than in the normal solution (15.4 Ϯ 2.1 A/cm 2 , n ϭ 4, p Ͻ 0.01; Fig. 2A) . However, as shown in Fig. 2 , C and E, removal of Cl Ϫ from the solutions inhibited the ⌬I SC-PEAK (35.3 Ϯ 5.7 A/cm 2 , n ϭ 4), but the residual ⌬I SC-PEAK was approximately 77% of the control (45.9 Ϯ 2.7 A/cm 2 , n ϭ 4). The residual was further decreased to approximately 26% (⌬I SC-PEAK ϭ 13.0 Ϯ 2.7 A/cm 2 , n ϭ 4) by (Fig. 2, D and E). These observations suggest the involvement of a common pathway for Cl Ϫ and HCO 3 Ϫ secretion in the PC. On the other hand, SC, estimated as ⌬I SC-20MIN , was not significantly reduced by removal of HCO 3 Ϫ from the solution (Fig. 2, B and F). The Cl Ϫ -free solution markedly suppressed SC (Fig. 2C) , so that the residual ⌬I SC-20MIN was approximately 7% of the control (Fig. 2F) . It is notable that there was no significant difference between the effects of removal of only Cl Ϫ (3.8 Ϯ 1.3 A/cm 2 , n ϭ 4) and simultaneous removal of Cl Ϫ and HCO 3 Ϫ (2.5 Ϯ 1.7 A/cm 2 , n ϭ 4; Fig. 2F ), suggesting that the SC was chiefly generated by continual activation of an HCO 3 Ϫ -independent Cl Ϫ transporter.
Implication of cAMP/Protein Kinase A in t-BOOHInduced Anion Secretion. In general, cAMP/protein kinase A (PKA) plays a key role in various epithelial anion transports. The experiments shown in Fig. 3 were performed to examine the involvement of the cAMP/PKA pathway in the t-BOOH-induced anion secretion. Compared with the control response (Fig. 3A) , pretreatment with a specific PKA inhibitor (10 M H-89) hindered both PC and SC in the t-BOOHinduced I SC (Fig. 3B) . Quantitatively, both ⌬I SC-PEAK (57.8 Ϯ 5.5 A/cm 2 , n ϭ 4) and ⌬I SC-20MIN (62.4 Ϯ 4.4 A/cm 2 , n ϭ 4) were reduced by the presence of H-89 (37.4 Ϯ 7.6 and 36.1 Ϯ 6.8 A/cm 2 , n ϭ 4, respectively; Fig. 3, C and D) . However, despite the sensitivity to H-89, the presence of t-BOOH for 10 jpet.aspetjournals.org min caused no significant increases in the [cAMP] i , which were 338.5 Ϯ 132.6 fmol/well (n ϭ 4) in the control and 324.8 Ϯ 227.6 fmol/well (n ϭ 4) in the presence of the oxidant (Fig. 3E) .
Apical Anion Transport in Response to t-BOOH. In airway epithelial cells, including Calu-3 cells, the cAMPdependent anion channel CFTR on the apical membrane exclusively acts as a common channel for Cl Ϫ and HCO 3 Ϫ secretion. Thus, on the basis of the data in Figs. 2 and 3, we speculated that the opening of apical CFTR mainly comprises PC. In Fig. 4 , we measured the G Cl , which was estimated as the I Cl after establishment of an apical-basolateral Cl Ϫ gradient and permeabilization of the basolateral membrane with nystatin (100 M). Application of t-BOOH (1 mM) caused development of the inward I Cl (⌬I Cl ϭ 20.5 Ϯ 2.6 A/cm 2 , n ϭ 4), followed by a gradual decay (Fig. 4A) , apparently reflecting mirror images of PC. The development of t-BOOH-induced I Cl was interrupted by the pretreatment with DPC (1 mM), an effective blocker of CFTR (Fig. 4B) .
Basolateral Anion Transporters Involved in t-BOOHInduced Responses. Figure 5 shows that HCO 3 Ϫ -independent Cl Ϫ secretion, which mainly comprises the SC, was produced by the actions of the basolateral anion transporter, Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC1) in airway epithelia including Calu-3 cells (Liedtke et al., 2002) . Indeed, SC in the t-BOOH-induced sustained I SC was immediately interrupted by the application of bumetanide (50 M, a selective NKCC1 blocker, Fig. 5A ). In addition, pretreatment with bumetanide abolished SC but not PC (Fig. 5, B-D) . It is well known that the activity of basolateral K ϩ channels determines the net rate of epithelial anion secretion (Cowley and Linsdell, 2002b) . In general, many lines of previous evidence have shown that NKCC1-dependent Cl Ϫ secretion owes much to activation of the human intermediate conductance Ca 2ϩ -activated K ϩ channels (KCNN4) in airway epithelial cells. However, compared with the control (Fig. 6A) , the presence of charybdotoxin (50 nM), a selective blocker of KCNN4, did not significantly affect either SC or PC of the t-BOOH-induced I SC (Fig. 6, B and C) . In contrast, the inhibition of cAMP-activated K ϩ channel (KCNQ1) by clofilium (100 M) reduced both components of the t-BOOH-induced responses (Fig. 6, D and E) .
Implication of Cyclooxygenase in t-BOOH-Induced Anion Secretion. The presence of two different pathways activated by oxidative stress was also confirmed by the sensitivity to cyclooxygenase (COX) inhibitors. Figure 7 , A and B, show representative traces of t-BOOH (1 mM)-induced I SC in the absence or presence of NS-398 (10 M), a COX-2 inhibitor. Compared with the control (⌬I SC-PEAK ϭ 47.3 Ϯ 8.0 A/cm 2 , n ϭ 4; ⌬I SC-20MIN ϭ 45.9 Ϯ 11.4 A/cm 2 , n ϭ 4), the presence of NS-398 diminished PC (⌬I SC-PEAK ϭ 11.2 Ϯ 6.9 A/cm 2 , n ϭ 4, p Ͻ 0.01) but not SC (⌬I SC-20MIN ϭ 35.4 Ϯ 4.5 A/cm 2 , n ϭ 4) in the t-BOOH-induced I SC (Fig. 7, C and D) . Alternatively, pretreatment with SC-560 (1 M, a COX-1 Compared with the control response (A), the presence of charybdotoxin (50 nM, basolateral) was without effect on the response to the oxidant (B). C, sustained components of I SC 20 min after t-BOOH addition were unaffected by the application of charybdotoxin. In contrast, the presence of clofilium (100 M; D) inhibited both PCs and SCs. E, latter component was diminished immediately after addition of clofilium (E). 
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Involvement of Cytoskeleton in t-BOOH-Induced
Anion Secretion. Previous studies have shown that anion transporters such as NKCC1 are functionally linked to the cortical cytoskeleton adjacent to the basolateral membrane (Matthews et al., 1995; Matthews, 2002) . Thus, we hypothesized that the augmentation of NKCC1 activity in SC after exposure to t-BOOH could be attributed to modulation of the cytoskeleton function. Figure 8 , A and B, show representative traces of t-BOOH-induced I SC responses in the absence and presence of cytochalasin D (10 M), which is conventionally used to disrupt microfilament function (Matthews et al., 1997) . The presence of cytochalasin D did not significantly affect PC (⌬I SC-PEAK ϭ 41.2 Ϯ 7.0 A/cm 2 , n ϭ 4, in the control; 31.5 Ϯ 6.2 A/cm 2 , n ϭ 4, in the presence of cytochalasin D), but it did alter SC under the oxidant-stimulated condition (⌬I SC-20MIN ϭ 44.0 Ϯ 5.4 A/cm 2 , n ϭ 4, in the control; 23.0 Ϯ 8.3 A/cm 2 , n ϭ 4, p Ͻ 0.05, in the presence of cytochalasin D) (Fig. 8, C and D) .
It is well known that a small GTPase, Rho, and its target molecule, Rho kinase, play an important role in the dynamics and reorganization of the actin cytoskeleton (Amano et al., 1997; Narumiya et al., 1997; Hall, 1998) . Thus, we also observed the two components in the t-BOOH-elicited responses in the presence of Y-27632 (a Rho-kinase inhibitor). 2 , n ϭ 8, in the control; 50.4 Ϯ 2.9 A/cm 2 , n ϭ 4, in its presence) (Fig. 9C ), whereas SC was significantly reduced by it (49.8 Ϯ 2.9 A/ cm 2 , n ϭ 8, in the control; 42.5 Ϯ 4.6 A/cm 2 , n ϭ 4, p Ͻ 0.01, in the presence of Y-27632) (Fig. 9D) . Figure 10 shows the effects of t-BOOH on the phosphorylation of MYPT1 in Calu-3 cells. Despite the effects of Y-27632, application of t-BOOH (1 mM) for 10 min did not significantly increase the total (Fig. 10A ) and phospho-MYPT1 (Fig. 10B ) in Calu-3 cells. Nevertheless, phospho-MYPT1 (Thr850) was significantly reduced by the presence of Y-27632 (20 M) (Fig. 10B) , although total MYPT1 was intact in its presence (Fig. 10A) .
Discussion
Reviewing oxidant-induced I SC in previous investigations prompts us to notice that H 2 O 2 -induced I SC in human airway Calu-3 cells (Cowley and Linsdell, 2002a) and t-BOOH-induced I SC (Jung et al., 1998) in rat tracheal epithelium comprised a rapid initial and a subsequent sustained phase. However, it has never been documented that different pathways activated by the oxidative stimuli contribute to producing the biphasic responses. The present study demonstrated that I SC responses of Calu-3 cells to the addition of t-BOOH were composed of two different components, PC and SC, which were mediated by two independent pathways. This notion is suggested by the result that SC was conversely reduced at high concentrations of oxidants (Ͼ3 mM), whereas PC was not (see Fig. 1 ). Similar results were obtained in the I SC responses to H 2 O 2 at over 3 mM (data not shown). Actually, we previously showed fewer sustained components generated by the addition of 5 mM H 2 O 2 (Ohashi et al., 2006) . These observations indicate that the anion transporters responsible for PC are more resistant to oxidative damage than those responsible for SC. Ion substitution studies revealed that either Cl Ϫ or HCO 3 Ϫ was conveyed during PC because PC was generated in the presence of either Cl Ϫ or HCO 3 Ϫ (see Fig. 2 ). The most likely candidate for the PC-related transporter is the apical CFTR, which is a common channel for export of Cl Ϫ and HCO 3 Ϫ (Devor et al., 1999) . This notion was confirmed by permeabilization studies (see Fig. 4 ) measuring G Cl , which reflects CFTR-mediated anion conductance in Calu-3 cells (Devor et al., 1999) . The changes in G Cl were suppressed by the presence of DPC, an inhibitor of CFTR, and evidently correlated with PC, but not SC. Furthermore, PCs were ranked in the order of ⌬I SC-PEAK in HCO 3 Ϫ -free Ͼ Cl Ϫ -free Ͼ HCO 3 Ϫ and Cl Ϫ -free solutions (see Fig. 2 ). This is probably due to the higher conductivity of Cl Ϫ than HCO 3 Ϫ through CFTR (Illek et al., 1999) . On the other hand, SC was characterized by HCO 3 Ϫ -independent Cl Ϫ secretion. In Calu-3 cells, which anion will be conveyed across the epithelial layer is determined not by apical CFTR but by basolateral anion transporters such as NKCC1 (Liedtke et al., 2002) , NBC1 (Na ϩ -2 HCO 3 Ϫ cotransporter) (Inglis et al., 2002) , and AE2 (the HCO 3 Ϫ /Cl Ϫ exchanger) (Loffing et al., 2000; Inglis et al., 2002) . Thus, it is most likely that HCO 3 Ϫ -independent Cl Ϫ secretion is due to NKCC1. Indeed, we demonstrated that pretreatment with bumetanide, a selective NKCC1 inhibitor, completely suppressed SC, but not PC (see Fig. 5 ). It is generally believed that selective activation of NKCC1 is associated with that of KCNN4, so that Ca 2ϩ -dependent anion secretion in Calu-3 cells is naturally suppressed by an inhibitor of KCNN4 and that of NKCC1 (Haws et al., 1994) . Nevertheless, application of charybdotoxin, a selective KCNN4 blocker, had no effect on PC and SC (see Fig. 6 ), suggesting that not only CFTRmediated Cl Ϫ /HCO 3 Ϫ efflux but also NKCC1-mediated Cl Ϫ uptake stimulated by t-BOOH are independent of KCNN4. It is well known that cAMP/PKA activities are necessary for the functions of not only CFTR but also NKCC1 (D'Andrea et al., 1996) . The present study shows that PC and SC in t-BOOH-induced I SC were significantly reduced by the presence of a selective inhibitor of PKA (H-89), suggesting that both of these components demand PKA activities. Nevertheless, significant changes in cytosolic cAMP levels were not detected under the oxidative stimulation (see Fig. 3 ). In such results, we cannot necessarily rule out the possibility of localized changes in PKA activity because localized changes in cAMP levels or PKA activity are not detected by conventional [cAMP] i measurements. The involvement of PKA in PC and SC is further suggested by the results that the presence of the KCNQ1 cAMP-dependent K ϩ channel inhibitor clofilium also diminished both components (see Fig. 6, D and E) . Taking these observations together, it is most likely that PKA-dependent KCNQ1 contributes to the driving force for anion efflux via apical CFTR-and NKCC1-mediated anion uptake, forming t-BOOH-induced anion secretion.
Despite the involvement of cAMP/PKA in both PC and SC, how do the oxidants stimulate different transporters through the two differentiated pathways? On the basis of our results, one key molecule seems likely to be COX. Previous investigations have shown that airway epithelial cells release prostanoids, COX products, in response to ROS-related stimuli (Matyas et al., 2002) . Several receptors of prostanoids lead to signal transduction through G s coupled with adenylate cyclase to activate the cAMP/PKA pathway (Hata and Breyer, 2004) . As seen in Fig. 7 , PC, but not SC, in response to t-BOOH was sensitive to a selective COX-2 inhibitor (NS-398, K i of COX-1/COX-2 ϭ 75/1.77 M) (Barnett et al., 1994) . Nevertheless, neither component was significantly affected by a COX-1 inhibitor (SC-560, K i of COX-1/COX-2 ϭ 9 nM/6.5 M) (Smith et al., 1998) . These results suggest that CFTRmediated anion release forms PC COX-2-dependently, whereas NKCC1-mediated Cl Ϫ secretion comprises SC through COX-2-independent mechanisms. Then, what mechanisms are involved in the NKCC1 activation forming SC in the presence of t-BOOH? Based on the observations in the present study, the cytoskeleton plays another key role. A cortical meshwork of cytoskeleton proteins localizes adjacent to the cytosolic faces of the plasma membrane, where the proteins are uniquely placed to interact with NKCC1 (Matthews et al., 1995; Matthews, 2002) . Boardman et al. (2004) have shown that exposure to H 2 O 2 remodels actin structures that take the form of microfilaments associated with cortical F-actin in Calu-3 cells, although the structural remodeling took more than 2 h. It has described that H 2 O 2 and t-BOOH entering the cytoskeleton fiber for the activation of kinases that phosphorylate protein kinases involved in the contractile process (Andrade et al., 2001) . Contraction of the cytoskeleton, resulting in cell shrinkage, leads to up-regulation of NKCC1 function (Klein et al., 1999) . Considering our results that the time range for generation of SC after t-BOOH application is minutes, not hours, it is more conceivable that cytoskeletal contraction due to t-BOOH application contributes to selective augmentation of NKCC1 activity. Involvement of cytoskeleton in SC is also suggested by the observation that SC, but not PC, was suppressed by the actin cytoskeleton disruptor cytochalasin D (see Fig. 8 ). The reorganization of the actin cytoskeleton is triggered by the small Rho GTPases, including RhoA, which are responsible for the formation of stress fibers and focal adhesion complexes (Narumiya et al., 1997; Hall, 1998) . A downstream target of active RhoA is Rho kinase (Amano et al., 1997) . Pretreatment with Y-27632, an inhibitor of Rho kinase, reduced SC, but not PC, similar to the effects of cytochalasin D (see Fig. 9 ). This further convinced us that the actin cytoskeleton is involved in t-BOOH-induced NKCC1 activation, forming SC. However, Western blot analysis revealed that t-BOOH failed to increase MYPT1 phosphorylation, although it was clearly inhibited by Y-27632 (see Fig. 10 ). These results suggest that the NKCC1 up-regulation induced by t-BOOH needs basal Rho kinase.
Taken together (see Fig. 11 ), anion secretion is induced by t-BOOH through two independent signal transductions, both of which are, however, relevant to PKA in human airway epithelial Calu-3 cells. One (PC) is rapid anion release via apical CFTR through the COX-2-dependent mechanism, and the other (SC) is the relatively delayed activation of anion uptake via basolateral NKCC1 to maintain anion transport through the cytoskeleton-dependent mechanism.
Analysis of exhaled breath condensate has suggested airway surface acidification in patients with cystic fibrosis, chronic obstructive lung disease, bronchiectasis, and acute asthma (Hunt et al., 2000; Kostikas et al., 2002; Tate et al., 2002) . Lowering of the airway surface pH may be responsible for the development of airway inflammation (Kostikas et al., 2002) . Considering that CFTR is permeable to not only Cl Ϫ but also HCO 3 Ϫ (Linsdell et al., 1997) , PC reflecting CFTR activation may help maintain pH homeostasis against airway surface acidification during airway inflammation. Previous investigations have found that CFTR is also permeable to the powerful antioxidant glutathione (Linsdell and Hanrahan, 1998) . Thus, PC in response to oxidative stimuli may be a crucial step for protection from oxidative damages. On the other hand, continuous Cl Ϫ secretion in SC may contribute to hinder mucus accumulation accompanied by ROSmediated tissue damage, resulting in maintenance of effective mucociliary clearance. Furthermore, in most cells, NKCC1 is activated by cell shrinkage and as such plays an important role in the cell volume regulation (Jiang et al., 2001) . Considering this point, the NKCC activation in SC may counteract cell shrinkage due to cytoskeleton contraction or damages caused by exposure to oxidants, maintaining barrier function of the monolayer. Thus, the two different pathways, PC and SC, may cooperatively contribute to a protective system against ROS-mediated tissue damages. 
